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THE SECRETARY OF THE AIR FORCE

CHIEF OF STAFF, UNITED STATES AIR FORCE
WASHINGTON DC

JAN 25 2012

MEOMORANDUM FOR ALMAJCOM-FOA-DRU/CC
DISTRIBUTION C

Subject: Energy Horizons: Air Force Vision for Energy Science and Technology

Energy is essential to all Air Force missions. As articulated in our Air Force Energy
Plan, improving energy efficiency, reducing demand, and changing the culture is vital to mission
success. Effective energy management not only plays a key role in supporting national
objectives, but is also essential to operational readiness.

Advancing Air Force capabilities to fully achieve these outcomes requires an emphasis
on developing science and technology (S&T). Spearheaded by the Air Force Chief Scientist,
Energy Horizons outlines our vision for Air Force energy S&T and identifies energy
technologies and capabilities that the Air Force can leverage.

The importance of energy will increase with diminishing supply, global growth,
environmental mandates, and economic constraints. Energy Horizons provides important
insights to inform our planning processes at this pivotal time. We encourage Air Force leaders at
all levels to become familiar with the S&T vision and strategy and allow it to inform their daily
decision making processes. Together, we will work to ensure that our Air Force remains the
world’s most capable air, space, and cyberspace force.

Thichank 75D /\)Amsi
Michael B. Donley Norton A. Schwartz

Secretary of the Air Force General, USAF
Chief of Staff
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Preface

Energy is a center of gravity in war and an assured energy advantage can enable victory. Energy
Horizons is the Air Force vision for Energy Science and Technology (S&T) focusing on core
Air Force missions in air, space, cyberspace and infrastructure. Created in partnership with
subject matter experts, it articulates where the Air Force needs to lead, follow, and watch in
S&T to advance operational energy.

Led by the Office of the Chief Scientist in partnership with the Deputy Assistant Secretary of
the Air Force for Energy, the Deputy Assistant Secretary of the Air Force for Science,
Technology and Engineering, the Air Force Research Laboratory, and the MAJCOMs, this
study incorporates the best ideas originating not only from across our Air Force but from other
Services, Agencies and Departments as well as National Laboratories, Federally Funded
Research and Development Centers, industry, academia and partner nations. We thank the
many individuals and organizations who hosted multiple expert energy S&T summits across the
Air Force and contributed to this first of a kind energy S&T vision. With the partnership of
relevant stakeholders, the Air Force will realize and refine this vision over time with evolving
threats, operational needs, and technology advances. Properly realized, it will help save lives
and treasure through the advancement of readiness, robustness, and resilience.

While energy is already an essential enabler, global competition, environmental objectives, and
economic imperatives will only increase its importance. We encourage all airmen and those
who support them to understand and advance the Energy Horizons S&T vision to ensure we
remain the most capable and energized Air Force in the future.

N s f
/Y)ak ) 7’}'?52:{;7
/ "'I'/'-.\H__’j
Dr. Mark T. Maybury

Chief Scientist
United States Air Force
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Executive Summary

Energy is essential to all Air Force (AF) missions. This Energy Horizons Science and
Technology (S&T) vision provides the Air Force a vector to increase energy supply, reduce
demand, and change our culture as articulated in our Air Force Energy Plan. Energy Horizons
delineates S&T areas where the Air Force should lead, follow, or watch in order to advance
operational readiness, resiliency, and robustness while at the same time supporting national
objectives of economic development, environmental stewardship, and supply independence.

Energy Horizons provides the Air Force vision and blueprint for energy S&T spanning the
domains of air, space, cyber, and infrastructure. Energy Horizons focuses on S&T in the near
(1-5 years), mid (6-10 years), and far (11-15 years) term that hold the most promise to
revolutionize AF operations, efficiency, and effectiveness. In partnership with operators and
technologists from across the Air Force, the Office of the Chief Scientist engaged experts across
government, industry, academia, National Laboratories, and Federally Funded Research and
Development Centers (see Appendix C and D) to identify the most promising energy S&T.

In the air domain, for example, advanced engines, fuels, structures, and operations were
identified that promise to achieve single and double digit improvements in efficiencies
promising increases in loiter/ranges and/or enhanced missions. In the space domain, highly
efficient photovoltaics, Hall and electric thrusters, and new battery technologies promise more
efficient and resilient space operations and revolutionary new services such as in-space power
beaming and on-orbit refueling. In the cyber domain, efficient algorithms and processors and
cloud computing promise not only energy savings but also enhanced cyber resiliency. Finally, in
infrastructure, advances in renewables, smart grids, and Solar-to-Petrol plants promise to
increase energy resilience and independence for both fixed and expeditionary bases.

Across all Air Force domains of operation, Energy Horizons identifies game changing
technologies in energy generation, storage and use. Advances in energy generation include
ultra-efficient, flexible photovoltaics; small, auto-safing modular nuclear reactors; and efficient
and abundant non-food source biofuels. Advances in energy storage (advanced batteries, ultra-
capacitors, high power fly wheels, and superconducting magnetic energy storage) promise
significant improvements in power and energy density and with increased flexibility in
charge/discharge cycles. Finally, nanomaterials (e.g., carbon-carbon nanotubes, memristers),
cloud computing, efficient supercomputing, and energy micromonitoring promise multiplicative
efficiencies from energy efficient structures and microelectronics, efficient and resilient
computing architectures, energy optimized platform designs, and enhanced energy situational
awareness and management. While not exhaustive, Energy Horizons provides essential focus.

Extracting value from Energy Horizons will require adoption and sustained effort across the
RDT&E, energy, acquisition, and operational communities. May Energy Horizons inspire you
to advance the Air Force’s assured energy advantage.
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1. Introduction
Energy Horizons is the "Air Force vision for energy S&T spanning the domains of air, space,

cyber, and infrastructure. Energy Horizons focuses on S&T in the near-, mid- and far-term that
will advance the survivability, efficiency, affordability, and effectiveness of AF operations.

Building upon the Department of i : .
g up P "The Air Force is engaged in a long-term effort to

Defense  (DoD) Qperatlonal Energy improve our nation's energy security through
Strategy and the Air Force Energy Plan, energy efficiency and conservation ... Achieving
Energy Horizons articulates a way  our energy goals requires sustained effort, a
forward in energy S&T. While not  systematic approach, determined leadership, and

exhaustive, Energy Horizons provides a @ firm commitment from all of us to identify and
critical starting vector and essential ~ iplement workable solutions”

f fligh h : .
ocus down a flight path to an assured - Secretary of the Air Force Michael Donley and

energy advantage. Air Force Chief of Staff Gen. Norton Schwartz

1.1 Motivation

The Air Force faces daunting energy challenges which promise only to increase in severity
given increased global demand for energy, diminishing global energy supplies, and demands for
enhanced environmental stewardship. The Air Force requires access to energy and technologies
to efficiently utilize this energy that provide
distinct advantages over our adversaries—an
‘assured energy advantage’—across the air,
space, cyberspace, and infrastructure domains.
These needs are driven by our national security
strategy to reduce reliance on foreign petroleum,
federal mandates for efficiency and emission
reductions, and the need to simultaneously meet
mission requirements. The Air Force spends over
$8 billion in aviation fuel each year, which is exacerbated by unpredictable prices and
contingencies. Energy independence, however, is not only about saving money, but also about
saving lives of energy distributers. Our adversaries increasingly target energy as a center of
gravity. In 2004, Osama bin Laden ordered his operatives to "focus your operations on oil ...
since this will cause the
(Americans) to die off." To date
over 3000 American soldiers and

=
=
G

“70% of the tonnage delivered to deployed forces is
fuel. Fuel delivery convoys to deployed forces add
costs to the logistical chain and create targets for

IEDs, the single greatest source of casualties in Irag. | contractors have been killed or
Additional personnel protection measures to reduce wounded protecting supply convoys
casualties from IEDs, such as air cover or air in Iraq and Afghanistan
transport substitutions for ground convoys, increase (approximately one life per 30
costs further.” convoys), 80% of which are

- Rep. Roscoe Bartlett [R-MD]

House Armed Services Committee. March 2008 primarily fuel and water. An

assured energy advantage promises
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our forces will be more suitable

(adaptable to a range of environments), Energy Horizons Vision )
sustainable (fiscally, environmentally, Assured energy advantage across air,

and renewably), and secure now and in space, cyberspace and infrastructure
the future.

1.2 Vision Alignment

As illustrated in Figure 1.1, Energy Horizons flows naturally from the Department of Defense
Operational Energy Strategy, Air Force Energy Plan, and National Aeronautics Research and
Development Plan. The Air Force energy vision is to “Make energy a consideration in all we
do” and “involves establishing a clear picture of how energy impacts the Air Force’s critical
capabilities: Global Vigilance, Global Reach, and Global Power.” The Air Force Energy Plan
focuses on three key objectives: reduce demand, increase supply, and change culture.

GOALS STRATEGY & REQUIREMENTS MISSION FOCUS
MAJCOM _ @@
Requirements &) e
“mm‘ - )AL | Air
- T R, : . Energy

Space
Energy Horizons Energy

[T p———

e United States Air Force
7 Energy S&T Vision

- 2011-2026 Cyber
Energy

R AF/STTR 11-01
31 December 2011

Infrastructure
Energy

Cross Cutting
Enabling S&T

Figure 1.1: Strategic Alignment of Energy Horizons

Energy Horizons complements these strategies and plans and leverages Technology Horizons,
the Air Force S&T Plan, the AFRL Energy S&T Plan, and MAJCOM requirements, articulating
our AF Energy Horizons S&T vision: “assured energy advantage across air, space, cyberspace
and infrastructure.” Each of these words bears important meaning. “Assured” means ensuring
operations in spite of vulnerabilities in militarily, economically, and politically contested
environments. The Air Force interest in “energy” spans its acquisition, storage, distribution, and
use. The “advantage” the Air Force seeks is an efficiency, robustness, and resiliency edge over
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our adversaries to ensure operational supremacy. Finally, the Air Force requires energy
supremacy within and “across” the full spectrum of “air, space, cyber, and infrastructure”.

1.3 Goals and Mandates

Figure 1.2 summarizes both national and Air Force energy goals and mandates. These include
specific quantitative targets in renewable energy use, aviation fuel consumption reduction,
building energy intensity reduction, and emissions reduction. Whereas the Air Force currently
exceeds some objectives (e.g., the Air Force has already achieved its goal of 7.5% facility
renewable energy use by 2013) others (e.g., 10% aviation fuel consumption reduction by 2015)
may not be achievable for a decade or more without S&T advances in multiple areas (e.g.,
engines, fuels, structures, operations).

2010

+ 5% facility renewable energy use (EPACT 2005,
AFI90-1701)

* 55% fossil fuel energy reduction in new or certain
renovated buildings (AFI 90-1701)

* Submit Strategic Sustainability Performance Plan
(DoD-wide) (EO 13514)

* Submit Scope 3 GHG emission reduction goals for
2020 (DoD-wide) (EO 13514)

* Manufacturers and importers must have pre-
registered all chemical substances in the
European Chemicals Agency (ECHA) system.:

21000 tons/year

2100 tons/year very toxic to the aguatic
environment

21 ton/year CMR:

= 7.5% facility
renewable energy
use (EPACT 2005, AF
90-1701)

« Manufacturers and
importers must have
pre-registered all
chemical substances
in the European
Chemicals Agency
(ECHA) system.:

=100 tons/year

+ 10% increase in non-petroleum fuel use annually (Baseline 2005)
* 30% total reduction in building energy intensity (EO 13423, EISA,
* 65% fossil fuel energy reduction in new or certain renovated
* 20% non-tactical vehicle fleet petroleum use reduction (Baseline
+ 10% aviation fuel consumption reduction (Baseline FY06) (AF
* 15% of existing DoD building inventory meet ‘Guiding Principles’;

* 50% recycling & solid waste diversion (EO 13514)
* 50% construction and demolition materials diversion (EO 13514)

2015

(EISA)

AF190-1701)

buildings (AF1 90-1701)

FY05) (EISA)

Energy Plan 2010/ AFI 90-1701)

continue towards 100% compliance (EO 13514)

+ 100% fossil fuel energy

* New federal buildings zero-

+ Achieve USAF Energy End

reduction in new or certain
renovated buildings (AFI 90-
1701)

net-energy (EISA 2007)

State Goals (AF Energy Plan
2010/ AF1 90-1701)

2011

« Complete 2010 GHG * Replace
inventory (DoD-wide) 30% of light
(E0 13514) duty vehicle

« First annual GHG fleet with
emissions inventory Low Speed
report due (Large Vehicles
sources & power plants (LSVs) (AFI
only) (EPA Mandatory 90-1701)
Reporting Rule)

* Test and certify all
aircraft and systems
against 50/50
alternative fuel blend
(AF Energy Plan 2010/

2016

« Cost competitively acquire

50% of AF domestic aviation
fuel requirement via
alternative fuel blend derived
from domestic sources
produced greener than fuels
produced from conventional
petroleum (AF Energy Plan
2010/

AF190-1701)

« Certify entire Air Force

aircraft fleet on bio-based
aviation fuel and JP-8 blend

AF190-1701)

2020

+30% vehicle petroleum use reduction (Baseline + 25% facility
FYO05) (EO 13514) renewable
* 80% fossil fuel energy reduction in new or certain energy use
renovated buildings (AFI 90-1701) (AF Energy

« All new buildings beginning planning process in Plan 2010/
2020 or after designed to achieve zero-net AFI

energy by 2030 (EO 13514) 90-1701)
*34% reduction in scope 1 & 2 GHG emissions * 90% fossil

from non-combat operations (Baseline 2008) (EQ fuel energy

13514/ DoD-specific goal) reduction in
+ 26% reduction in potable & 20% reduction in new or

industrial, landscaping, & agricultural water certain

consumption (Baseline FY07) (EO 13514) renovated
* Manufacturers and importers must have pre- buildings

regi d all chemical es in the
European Chemicals Agency (ECHA) system.: 21

(AFI 90-1701)

ton/year (2018)

* 2% annual reduction in

non-tactical fleet vehicle
petroleum use (Baseline FY05) (EO
13514)

= 3% annual reduction in building

energy intensity (EO 13423 &
EISA)

= 2% annual reduction in potable

water intensity (Baseline FYO7)

= Reduce acquisition, use, and

disposal of toxic and hazardous
materials and chemicals (EO
13514)

= 95% of all applicable procurement

contracts incl. contract mods.
(weapons systems excepted) to
meet sustainability requirements
(EO 13514)

Figure 1.2: Energy Goals and Mandates

1.4 Outcome Oriented Approach
Energy Horizons directly enables the Air Force Energy Plan which identifies three key energy

goals:

reduce demand, increase supply, and change culture. Improvements in systems,

operations, and activities can feed into the accomplishment of these goals as illustrated in Figure
1.3. For example, demand reduction can arise from improved platform efficiency through more
efficient engines and structures (e.g., winglets, hybrid wings) as well as more efficient
operations (e.g., engine washing, formation flying, optimized mission planning). Efficiencies
vary widely. For example, whereas winglets or engine washing may inexpensively achieve 1%
fuel savings, formation flying promises 7-10% fuel savings in early assessments with C-17s,
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and hybrid wings promise 15-20% fuel savings (although this requires capital investment in new
airframes). Demand reduction also can arise from increased use of renewables (solar, wind,
thermal, geothermal and biomass), waste-to-energy, and the use of modeling and simulation to
substitute for some live training. On-location recycling and smaller footprint processes with
lower energy intensity can also help. Reduced demand can have positive impacts in terms of
cost reductions as well as emission reductions, helping to achieve federal mandates. In addition,
more efficient air/space/cyber platforms or operations can increase loiter or range which in turn
can diminish energy, basing, or refueling requirements, thus increasing robustness. Supply can
be augmented with alternative fuels, renewables, and a variety of other sources. Finally, a
change in culture can drive behavior to reduce energy consumption and can be achieved through
a range of activities including education and awareness, engaged leadership, and incentives.
Importantly, each of these Energy Horizons outcomes generates not only environmental and
economic benefits but can also leads to operational benefits such as increased readiness (e.g.,
increased simulator training), robustness or strength (e.g., more persistent operations from
increased loiter), and resiliency (e.g., supply diversity) to mitigate vulnerabilities.

Systems Operations
engine structures engine formation Supply
efficiency  (winglets, . T hi
y blended wing) ~ Wash flying F-T bio cellulose

mission solar energy new fuels alternate
planning platform wind storage certification soulgcgs

model efficiency thermal ehavior
and sim ight hour J ¥ leadership

industrial
base

Reduce Demand Increase Supply Culture Change

ly diversi
Py educatlon
/ mcentlves

reduce
emissions

decrease
vulnerability
AF Energy Goals

mandates
+ Influence

=—>» - |nfluence

Key

increase
range/loiter

8 N

Readiness Reduce cost Robustness Resiliency

improve
environment

Figure 1.3: Operational Outcome Oriented Approach

1.5 Methodology

As illustrated in Figure 1.4, Energy Horizons took as inputs MAJCOM requirements, statutory
mandates, Air Force goals, input from two Requests For Information (RFI) and contributions
from subject matter expert workshops/summits (See Appendix D), including ideas and
experience from industry, academia, government, National Laboratories and Federally Funded
Research and Development Centers (FFRDCs). Expert teams (See Appendix C) incorporating
operational and technical experts in air, space, cyber, and infrastructure assessed the very best of
these ideas and technologies, forecasted capabilities, and created an S&T focus in the near-,
mid-, and far-term in each domain. A senior independent expert review group peer reviewed the
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results which were assessed by a senior steering council and approved by the Air Force Energy

Council (See Appendix C). Given its breadth and dynamicity, energy S&T will require
continued planning and refinement.

Air Domain Workshop Fuel Efficiency Industry RPA Workshop Legacy Fleet Fuel

Mission 2-3 May WPAFB 27-29 June; AMC, Scott AFB 7 July; WPAFB Efficiency Report
Requirements
Ideas Forecast S&T
Assessment Capabilities Road Map
Statutory
Mandates Space Energy Summit Energy Horizons
28-29 April AFSPC
Ideas Forecast S&T United States Air Force
REI Assessment Capabilities Road Map Energy S&T Strategy
s RFI Summit 2011-2026
18 July, Ind.ependent
Cyber Energy S&T Summit Crystal City enior Expert AF/STTR 11-01
5 May 2011 Hyatt Review 31 December 2011
Strategic Ideas Forecast S&T
Engagement Assessment Capabilities Road Map
@ NREL Visit Infrastructure Energy Summit w/DoE
27 April 21 July Crystal City Hyatt

: Ideas Forecast S&T
SME Summits
m Assessment Capabilities Road Map

Collaborative Vision
Broad Inputs Expert, Evidenced Based Forecasting and Vector

Figure 1.4: Methodology

1.6 S&T Partnerships

Given limited resources, the Air Force energy S&T approach is to maximally leverage
knowledge, capabilities, and investments in our sister services, departments, national
laboratories, industry and industrial consortia, utilities, Federally Funded Research and
Development Centers, universities, and international partners as illustrated in Figure 1.5. This
approach allows the Air Force to preserve resources and focus investments on Air Force unique

systems and missions. Examples of organizations and investments the Air Force will leverage
include:

e Department of Energy (DOE)/Advanced Research Projects Agency-Energy (ARPA-
E), the National Renewable Energy Laboratory (NREL), and other federal and private
investments in new energy sources and technologies including renewables such as
solar, wind, geothermal and biomass

e DOE, Army, Navy, Marine Corps and private sector investment in vehicle and base
efficiencies

e Department of Navy (DON) investments in maritime, aviation, and expeditionary
energy efficiencies

e DOE/Department of Agriculture (USDA)/DON joint programs on biofuels
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e Commercial Aviation Alternative Fuels Initiative (CAAFI) Research & Development
(R&D) and certification activities

e National Aeronautics and Space Administration (NASA), Federal Aviation
Administration (FAA), Defense Advanced Research Projects Agency (DARPA),
Navy and private sector investments in air vehicle efficiency

e Public and private investments in power generation, storage, and distribution

e DARPA, National Science Foundation (NSF), service laboratory and academic
investments in energy research and human capital development

e Joint DoD initiatives in resilient engineering and hybrid energy storage

e Defense industrial base companies who can focus Independent Research and
Development (IR&D) dollars to joint Air Force / industry energy savings initiatives.

These partnerships and efforts are also facilitated through government coordination mechanisms
such as the Assistant Secretary of Defense for Research and Engineering (ASD (R&E)) Power
and Energy Community of Interest and the Interagency Advanced Power Group (IAPG).
Partnerships with these organizations will enable the Air Force to focus its efforts on unique air,
space, cyber, and infrastructure missions.

Figure 1.5: Partnerships

1.7 S&T Roles

To clarify partnerships, roles, and responsibilities, Energy Horizons articulates priority
technology investment areas by distinguishing among three key roles: technology leader (L),
fast follower (F), and technology watcher (W). In a technology leader role (e.g., in engine
efficiency), the Air Force is a lead investor and creates or invents novel technologies through
research, development and demonstration in areas that are critical enablers of Air Force core
missions and associated platforms. In fast follower roles, the Air Force rapidly adopts and/or, as
needed, adapts or accelerates technologies originating from external organizations who are
leaders and primary investors in focused S&T areas as part of their core mission (e.g., DOE’s
investments in microgrids, other service investments in efficient ground vehicles). In a
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technology watcher role, the Air Force uses and leverages others’ S&T investments in areas that
are not primary or core missions (e.g., DOE nuclear power investments or DOE/USDA/DON
investments in biofuels production). Roles were assigned using the consensus of small groups of
experts and stakeholders and could change based on resource, operational priority, or
technology changes.

1.8 Structure of the Document

In the remainder of this document, Energy Horizons addresses each key Air Force domain in
turn: air, space, cyberspace and infrastructure. Each domain section details operational energy
needs and mandates, makes key domain-specific observations, and recommends a technology
focus in the near (1-5 years), mid (6-10 years), and far term (10-15 years). Finally, enabling
technologies that promise advances across two or more Air Force domains are detailed. The
document concludes by recommending a way forward.

2. Air Energy
The Air Force is the single largest energy user in the DoD. Jet fuel is the predominant form

(84%) of energy consumed at over 2 billion gallons every year and creates one of the Air
Force’s largest operational expenses (approximately $8B/year). Figure 2.1 illustrates this as well
as cost and consumption trends.

FY10 Cost Breakdown Cost and Consumption Trends
550 1,
©
Aviation £ 500 923
84% f 450 ; O
= 400 ©
= (7]
Vehicles & o 350 5 5
Equipment = 300 . f——+——+ 3 =
4% = 2003 2005 2007 2009 [}

Figure 2.1: FY10 Air Force Energy Use and Costs

To address fuel consumption in the Air Domain, the Air Force Energy Plan established a jet
fuel burn reduction goal of 10% by 2015. The projected fuel burn of the Air Force through 2040
is shown in Figure 2.2. The operational improvements of new platforms such as the C-17 and F-
35 come with 50% to 125% burn rate increases over legacy platforms such as the C-141 and F-
16. Accordingly, the 2015 goal cannot be achieved even with all current planned investments
until 2029.% As of this writing, the goal is under re-examination in an effort to link these
enhanced capabilities with the desired fuel burn reduction.

'AFRL-RZ-WP-TR-2011-2092, “Technology Insertion for Energy Savings in the Legacy Fleet.”
“This concept was identified in the 2006 Air Force Scientific Advisory Report Technology Options for Improved
Air Vehicle Fuel Efficiency (SAB-TR-06-04) critically linking energy and warfighter capability.
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Figure 2.2: Air Force Fuel Burn Projections

2.1 Air Domain Strategic and Operational Context

Global demand for fuel will shape the energy future. Global energy needs, climate change
concerns, environmental/emissions policies, and regional instability will impact the price,
availability, and source of fuel. Recent wargames incorporating scenarios with constrained
energy supplies provide a further, operational imperative to reduce the Air Force’s energy
footprint.

In the Air Force’s operational environment, missions have varying specific requirements, TTPs
(tactics, training, and procedures), and objectives. It is important to recognize that different parts
of the Air Force look at energy efficiency through different lenses. Consequently, efficiency
gains will be realized across the Air Force in different ways: cost savings, increased platform
performance/capability, or increased operations or training. Consider these three mission areas:

1. Mobility Air Forces (MAF) consume over 50% of the fuel used by the Air Force. The
fuel efficiency of most mobility platforms could be improved in the near-term with
technologies currently mature enough to meet insertion requirements. For example, drag
reduction and propulsion efficiency improvements could jointly reduce fuel burn by 5-
15%, depending on the aircraft. This will lead to improved range and/or payload
capabilities for the platform, which in turn leads to second order operational savings
including reduced sorties and required tanker support to accomplish the mission.
Similarly, the C-5M upgrades have increased engine thrust by 22%. This allows the
modified aircraft to climb to higher, more efficient altitudes sooner with a commensurate
potential increase in range by 27% and/or payload by 20%. This capability has enabled
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the aircraft to be able to fly from the West Coast US to Manas Air Base, Kyrgzstan
without aerial refueling or a refueling stop. Also, the Fuel Efficiency Office in Air
Mobility Command (AMC) has enacted programs to improve flying efficiency by
approximately 4% by removing unnecessary weight, such as surplus fuel, better routing,
and duplicating best practices from the commercial airlines.

2. Combat Air Forces (CAF) can take advantage of technologies inserted into the
mobility fleet as well as operational changes being pioneered through the new Aviation
Operations arm of the new Air Force Energy Governance structure. For example,
combat Intelligence, Surveillance and Reconnaissance (ISR) platforms could benefit
from drag reduction and propulsion system improvements. Separately, technologies
enabling formation flying could benefit tankers and fighters during long distance ferry
operations. Next, shifting some training to distributed, interactive simulators offers
immediate fuel savings and may provide currently unavailable partnerships and
scenarios to enhance readiness. In the CAF, energy savings accrued could be applied to
enhance operational capability or to fill gaps, like the current shortfall in training hours.

3. Special Operations Forces (SOF) also offer opportunities for drag reduction and
propulsion upgrades. For example, the C-130 could benefit from conformal antennas or
engine upgrades. Similar to the mobility fleet, improvements to reduce drag or increase
engine efficiency could be used as increased range or payload and thereby potentially
offset the number of aircraft and amount of tanker support needed for a mission.

2.2 Air Domain Energy Technologies
In the Air Domain, a unifying method to simultaneously measure energy efficiency progress,
related energy use, and aircraft capabilities is the Breguet range equation, expressed as:

W
Range = LLm 1+¢
SFC D W, +W,

In this equation, improvements to airframe efficiency can be measured via increases to the lift to
drag (L/D) coefficient and reductions in weight of the aircraft (Wy = weight of the payload, Wy
= total weight of the aircraft without the payload). Efficiency gains in propulsion can be
measured via the specific fuel consumption (SFC) relative to the speed (V). Linking energy to
range across these factors establishes a relationship between warfighter capability and energy
efficiency attributes.?

Ultimately, S&T investment in the Air Domain seeks to optimize one or more pertinent Breguet
equation elements in order to improve range. Continued investment in efficient engines,
improved aerodynamic technologies and designs, and advanced composite materials and
manufacturing methods is warranted. Further, with new aircraft initial operational clearance

“This concept was identified in the 2006 Air Force Scientific Advisory Report Technology Options for Improved
Air Vehicle Fuel Efficiency (SAB-TR-06-04) critically linking energy and warfighter capability.



Energy Horizons 10

(10C)’s stretching across the next decade, it is critical that near term technologies focus on
improving the efficiencies of legacy aircraft.

To this end, in the near- to mid-
term, energy technologies that
improve fuel burn in the legacy

“Our Science and Technology community is researching
and developing energy-impacting technology for our
legacy fleet — like drag reducing measures, fuel efficient
fleet and that can be  and adaptive engines, and improved low-power
incorporated in new aircraft, electronics”

such as AMC’s Joint Future - UnderSecretary Erin C. Conaton
Theater Lift (JFTL) or ACC’s

F-X, should be the primary focus. Near- and mid-term technologies forecast efficiency
improvements ranging from 1-3% to as much as 20-30% in individual aircraft components. In
the far-term, the most significant improvements could come from revolutionary aircraft designs,
advanced engine cycle designs, and materials and construction techniques, which offer 25-40%
improvements in fuel burn. The discussion that follows categorizes S&T initiatives and breaks
them down into the near-, mid-, and far-term. It is important to note the individual technologies
discussed are not necessarily additive in their efficiency gains, and further, that each technology
will require astute and comprehensive system integration analysis before insertion.

2.2.1 Aerodynamics

Aerodynamics improvements for both the legacy and future fleets are shown in Table 2.1.
Finlets, winglets, riblets, and conformal antennas among other streamlining modifications offer
4-6% fuel burn improvements. Still to be determined is how and when these could be inserted
into the current fleet with minimal mission disruption or downtime. Ultimately, these
improvements should be considered and built into future aircraft acquisitions. Similarly, center
of gravity (CG) controls and lift distribution control systems enhance performance by ensuring
lift is efficiently appropriated across the aircraft in relation to the location of the carried weight.

Mid- and far-term considerations include wings optimized for laminar flow and non-traditional
airframes. Laminar flow that reduces the turbulence over aircraft wings and tails may achieve
up to 15% fuel efficiency improvements in some aircraft. Non-traditional aerodynamic bodies
offer promising drag reduction and lift production returns in the mid- to far-term as well,
notably the blended wing, box-wing, and lifting body constructions. Figure 2.3 illustrates
aerodynamic efficiency improvements on the mobility fleet over time. Collaboration with
NASA, industry and academia can provide products that accelerate technology development
and ensure military unique requirements are addressed. The Air Force should be a technology
leader for many of the technologies listed in Table 2.1. Technologies should be applied to
mobility, combat, ISR and special operations aircraft as applicable.
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Aerodynamics

Mid (FY16-20)

Far (FY21-25)

Fairings (L)

Laminar Flow (Combat Fleet) (L)

Center of Gravity Control (L)

Laminar Flow
(Maobility Fleet) (F)

Lift Distribution Control (L)

Systems Integration (F)
(Mobility Fleet)

Winglets, Finlets, Strakes (F)

Systems Integration (F) (Combat Fleet)

Raked Wings (F)

Blended Wing Body (F)

Microvanes (F)

X-Wing (F)

Lifting Bodies (W)
| Plasma Enhanced Drag Reduction(W)

Table 2.1: Aerodynamics S&T
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Figure 2.3: Impact of Aerodynamic Technologies on the Mobility Fleet

2.2.2 Propulsion & Power Systems

Propulsion technologies also offer potential fuel burn reductions for the combat, mobility, ISR
and special operations fleets. As shown in Table 2.2, two key engine technologies in the near-
and mid-term are the Adaptive Versatile Engine Technology (ADVENT) with improved SFC
that would potentially provide significant energy savings (15-25%) and capability to the combat
fleet, and the Highly Efficient Embedded Turbine Engine (HEETE), which potentially offers
25% improvements in specific fuel consumption (SFC) to mobility and other platforms. The
ADVENT Program currently reconfigures a basic airbreathing engine. As an example, this
could provide a 20+% reduction in fuel burn rate for the F-35, New Penetrating Bomber and/or
new F-X aircraft. ADVENT can provide high thrust for takeoff and maneuver, optimizing fuel
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efficiency for long range/loiter by matching engine airflow to the inlet and exhaust across the
flight envelope, resulting in reduced drag. The technology also promises to provide large
quantities of cool air tailored for aircraft subsystems, exhaust cooling, and aircraft thermal
management.

Propulsion & Power Systems

Near (FY11-15) Mid (FY16-20) Far (FY21-25)
ADVENT (L) HEETE (L) Advanced & Nutating Cycles (L)
ESSP (L) Engine-specific Improvements (L) Turbofan Compounding (W)
Heavy Fuel (F) Subsystem Integration (L) Ultra-high Bypass (W)

Power on Demand (F)
(Mobility Fleet)
Power on Demand (L)
(Combat Fleet)

Open Rotor Engine (W)
Hybrids/Electric Propulsion (W)
Alternative and Biomass Fuels qualification/certification (L)

Alternative and Biomass Fuels production (W)
| Advanced Power Generation (F)

Geared Turbofan (F)

Table 2.2: Propulsion and Power System S&T

The mid- to far-term HEETE Program focuses on revolutionary technology advances in the core
of the engine in concert with ADVENT advances. HEETE will increase the overall pressure
ratio (OPR) of the engine, requiring a new generation of compressor design, high pressure seals,
advanced materials and component cooling technologies. Additional technology solutions being
pursued include adaptive core technologies; advanced efficient, low-emission combustion;
advanced high temperature, high strength materials; and integrated power and thermal
management concepts.

A critical concern for the HEETE product is the unique capability required to efficiently support
the low observable compatible installations required for many military missions. Military
engines have embedded installation requirements, wider thrust range requirements and more
challenging thermal and power extraction requirements than their civilian equivalents. The
HEETE program is working to address these concerns balancing those with growing
environmental constraints transitioning from the civilian market into the military fleet.

While ADVENT and HEETE use conventional Brayton cycle (airbreathing) concepts to achieve
high efficiency, mid- and far-term technologies seek to revolutionize entire engine architecture.
In the far-term, the focus is on revolutionary core technologies to enable further thermodynamic
efficiency gains beyond the limits of increasing OPR and temperatures. Several promising
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candidate technologies are being explored including hybrid pressure gain combustion cycles;
hybrid turbo-compound cycles; heat exchange cycles (intercooled & regenerative); inter-turbine
burning leading to isothermal expansion cycles; and positive displacement compression cores.
Figure 2.4 depicts the ongoing SFC gains in propulsion technology.
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Figure 2.4: Propulsion Improvements to Reduce Fuel Burn (RR Libertyworks)

In the near-term, incorporating current technologies into legacy transport fleet engines could
lead to a 1-6% improvement in fuel burn. Full scale engine replacement, while more expensive,
offers as much as a 15-25% improvement in fuel burn for fighter, bomber, attack, and transport
aircraft. For smaller aircraft, initiatives like the Efficient Small Scale Propulsion (ESSP) look to
provide an approximately 25% reduction in SFC, in this case for remotely piloted aircraft
(RPAs). Other technologies such as fuel cells, could improve the efficiency and range for RPAs.

The Integrated Vehicle Energy Technology (INVENT) program provides a basis for improved
energy optimization during platform design and integration of efficient electrical technology to
enable future capabilities such as electric actuation and airborne lasers.

In the near- and mid-term, alternative and biomass derived fuels are likely to begin entering the
market place. Joint programs with the Department of Energy and the Department of Agriculture
as well as industry and academia will provide fuel specimens for test and evaluation. The Air
Force must maintain a qualification and certification posture to keep pace with commercial
fleets as they adopt fuels from new feedstocks and processes. The Department of Energy has a
robust research program in generating fuels from materials, such as agricultural and forestry
residues, organic waste, and specially grown crops. The ultimate goal is a diverse set of
sustainable feedstocks. Advanced processing technology such as alcohol-to-jet or direct
fermentation could provide cost competitive bio-derived fuels.
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The Air Force should be a leader for many of the technologies listed in Table 2.2, as well as be
a fast follower for technologies that will be commercial off-the-shelf solutions (e.g., geared
turbofan engines). The Air Force should qualify and certify alternative fuels as they become
technically mature; however, it should be a technology watcher related to fuel production
technologies. Emerging propulsion technologies should be applied to mobility, combat, ISR,
and special operations aircraft as applicable.

2.2.3 Materials & Structures

As reflected in Table 2.3, continuing advances in materials research are paving the way in the
near- to mid-term for lighter, more versatile, and stronger composites to replace certain metallic
structures in airframes as well as transportable objects like cargo containers, ultimately reducing
fuel burn. Composite materials also offer the potential benefits of cheaper production, a
significant reduction in parts (e.g., fasteners), lower maintenance costs, and minimal
sustainment footprint in forward deployed areas. Other weight reduction technologies include
wireless control systems and electric actuators to replace or augment hydraulic systems in
appropriate applications, light emitting diodes (LEDs) to replace traditional lighting components
(weight and maintenance reductions), and synthetic tie-downs to replace hefty chains. Further,
the flexibility in composite and morphing materials also holds potential for allowing certain
aircraft parts, such as winglets or vortex generators, to self-adjust based on airstreams and
aircraft angles-of-attack to provide better fuel burn characteristics. As will be discussed in
Section 6 on enabling S&T, early research with carbon nanotubes foreshadows enhancements in
material properties such as tensile strength, conductivity, thermal management, or energy
storage, some of which might be exploited in the air domain.

Materials & Structures

Near (FY11-15) Mid (FY16-20) Far (FY21-25)

Aircraft components

(tie-downs, pallets, racks) (L) Multifunctional Materials (F)

Wireless Control Systems
& Electric Actuators (W)

Composite Materials (L)
Composite Cargo Containers (F)
Morphing Materials (F)
Hybrids/Advanced Aluminums (F)

Lighting (F)

Table 2.3: Material and Structures S&T

In the mid- to far-term, multi-functional materials offer exciting potentials for advanced energy
harvesting to reduce energy lost as heat or noise. For instance, energy dissipated as heat
generated by components or combustion could be captured and reformed into electricity by
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using thermoelectric or pyroelectrics. The latter is very interesting because of the stability of
many pyroelectric materials at high temperatures (1200 C).

2.2.4 Aviation Operations

Energy efficiency should also be pursued from an aviation operations and best practices point of
view. Such best-practices offer near- to mid-term efficiency gains with comparatively low
upfront costs. As captured in Table 2.4, for instance, the current transport fleet could derive
sizeable fuel savings from formation flight and mission index flying, a process currently
employed by many commercial airlines to optimize options for cruise flight levels and speeds as
well as climb and descent profiles tailored to flight conditions. Formation flight may result in 5-
10% fuel savings while aircraft are in trail, but there are challenging operational
considerations—such as impact to aircrew and mission scheduling.

Aviation Operations

Near (FY11-15) \ Mid (FY16-20) Far (FY21-25)
Formation Flight (L) Sustainment Improvements (L)

Mission Index Flying (F)
Distributed Mission Training & Interactive Simulators (L)
Improved Human Performance Considerations (L)
Expansion of RPA Role in Mission (L)
Improved Weather Forecasting, Detection, Avoidance (F)
Enhanced Mission Execution Efficiency Practices (F)
Mission Planning Software (F)

Table 2.4: Aviation Operations S&T

Another consideration is linking distributed, interactive flight simulators to decrease the number
of training hours spent in live operations. For example, sorties in which KC-135 and F-16
simulators could interact may reduce the number of live sorties needed for both platforms while
at the same time increasing operational readiness by providing energy efficient experience in
simulated contested (e.g., denied GPS or communications) and electronic warfare environments.

Improved planning software that is more aware of mission elements, real-time weather, and
mission requirements, and that operates on more complex algorithms could also reduce sorties
and inefficient route planning. Re-conceiving the conventional roles of aircraft may also realize
fuel savings. For instance, future RPAs and autonomous aircraft could be tailored to specific
mobility and combat missions currently accomplished by traditional aircraft, and do so with a
reduced total energy footprint. For example, if you only need to deliver one or two pallets worth
of cargo, it is inefficient to employ a full-sized C-17. The RPAs can also be employed as
testbeds for new efficient technologies, such as conformal antennas which would significantly
reduce drag counts on many of our aircraft. On a similar note, sustainment must also be
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considered part of the energy trade space. Optimizing mission planning and aircraft basing so as
to place airframes with lower maintenance requirements in forward locations reduces the cost of
second order effects. Fewer parts need to be flown in and fewer maintainers need to be kept on
hand to sustain operations, both of which exact fuel savings. In addition, emphasis should be
placed on looking at the reliability of current aircraft parts, subsystems and systems.
Investments that both improve reliability and save energy would provide additional benefit to
the warfighter.

2.2.5 Energy Harvesting

As shown in Table 2.5, near-term efficiency gains can be made from ever-improving
photovoltaic capabilities for long duration, high altitude aircraft and RPAs. In particular, all-
electric or hybrid aircraft (most likely RPAs/autonomous vehicles) may be designed to include
photovoltaics in their structures and, if coupled with advanced storage capabilities, enable long
duration flights. Similarly, in the mid- to far-term, multi-fueled aircraft may be able to harvest a
host of energy inputs, including multi-fuel, solar, heat, wind, and vibration to reduce or possibly
eliminate their demand on traditional fuel. Other vehicles could be re-charged on the ground
using solar or wind farms, reducing the requisite energy support structure. For small RPAs,
novel concepts such as recharging RPA’s while perching, or harvesting power from thermal or
electric sources could enable continuous autonomous operations.

Energy Harvesting

Near (FY11-15) Mid (FY16-20) Far (FY21-25)
Thermoelectric For Cooling (L)

Energy Harvesting for Small RPAs (L)
Photovoltaics (F) Magnetic Braking (F)
Thermoelectric Exhaust Recapture (F)
General Thermoelectric Reclamation (F)
| Acoustics (W)

Table 2.5: Energy Harvesting S&T

Thermoelectric conversion, previously mentioned in the Materials & Structures discussion,
could be combined with other energy capture concepts such as acoustics and energy recovery
from magnetic braking. Magnetic braking would reduce maintenance costs and system weight,
and could capture braking energy for reuse in taxiing. Acoustic conversion transforms sound
and other vibrations natural to flight into usable electricity and may provide incremental gains
in overall energy available to a platform. Of course, the energy derived from harvesting must be
traded against aircraft weight increases for the conversion devices, and therefore conversion
efficiency and power density are key parameters to consider for these devices.
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From a structural point of view, aircraft could be designed with a smart-grid capable of
supporting a power-on-demand infrastructure. Such a set up would realize not only energy
savings, but also weight and size savings by reducing the needed electrical components. The
area of energy harvesting could transform many of our operations, however challenges such as
design, system integration, and cost need to be considered and addressed.

2.2.6 Game-Changing Concepts

Beyond the specific airframe component and system-
of-system considerations discussed above, alternative
concepts break from traditional airframe formulae
and employment as shown in Table 2.6. A m